The endoglucanase Cel5A from an anaerobic celluloltyic bacterium, Clostridium josui, contains family 17 CBM (CjCBM17) and family 28 CBM (CjCBM28) in tandem. Individual CjCBM17 and CjCBM28 and tandem CjCBM17/28 were constructed to determine the binding characteristics of CjCBM17/28 and to compare the binding affinity of the three CBMs. CjCBM17/28 bound to non-crystalline cellulose, soluble cellulose derivatives, and oat-spelt xylan, but not to birchwood xylan or starch. The thermodynamic parameters for the binding of the CBMs with cellooligosaccharides were determined by isothermal titration calorimetry. The binding of CjCBM28 to cellotetraose and cellopentaose was enthalpically driven (large negative ÁH value), while that of CjCBM17 was entropically driven (positive ÁS value). These two CBMs had different mechanisms for binding to cellooligosaccharides. They showed similar binding constants (K a ) for cellopentaose, but in the case of insoluble polysaccharides, the K a of CjCBM17/28 was approximately 3-7 times higher than that of individual CBMs.
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Many plant cell wall polysaccharide-degrading enzymes have modular structures in which a catalytic module (CM) is attached to one or more non-catalytic modules. Some cellulases are modular enzymes that contain additional functional modules such as carbohydrate-binding modules (CBMs) apart from the core CM. Numerous studies have shown that CBMs are pivotal in helping enzymes bind to the surfaces of insoluble substrates. 1) To date, many structural domains, particularly in the glycoside hydrolase group of enzymes, have been identified as CBMs. These modules have subsequently been classified into families according to the homology of the constituent amino acid sequences. 2) Recently, these CBMs have been classified as types A, B, and C; these categories reflect the complementarity of the CBM for a particular ligand. 3, 4) Type A CBMs recognize crystalline surfaces, type B CBMs accommodate single glucan chains, and type C CBMs are lectinlike. 3, 4) The grouping of these CBMs is classified on the basis of structural and functional similarities.
The endogulucanase Cel5A from Clostridium josui contains a family 17 CBM (http://www.cazy.org/) in tandem with a family 28 CBM, and three repeats of a surface-layer homologous (SLH) module. Fujino et al. have reported that this endogulucanase can hydrolyze cellooligosaccharide, carboxymethyl cellulose (CMC), and ball-milled cellulose (BMC), but cannot hydrolyze cellobiose, cellotriose, or xylan. A microcrystalline cellulose, Avicel, is hydrolyzed slightly 5, 6 ) (Fujino T, unpublished results). It is more highly active in the degrading of amorphous cellulose than crystalline cellulose, and its enzyme is among the commonly expressed cellulolytic enzymes of C. josui, which produces a cellulosome, a cellulase complex, and SLH enzymes on the cell surface. Both family 17 and family 28 CBMs from C. josui are type B CBMs. CBMs from this family have a long open groove to accommodate single glucan chains. 3, 4) These two CBMs are composed of similar amino acid sequences, but the amino acid residues involved in binding are not conserved. 7) This study found that a slight difference in the amino acid residues of CjCBM17 and CjCBM28 affects the binding characteristics of these CBMs. The binding characteristics of CjCBM17 and CjCBM28 were observed by isothermal titration calorimetry (ITC).
Materials and Methods
Bacterial strains and plasmids. Escherichia coli INV (Invitrogen, Carlsbad, CA) and E. coli JM109 (Toyobo, Kyoto, Japan) were used as the cloning host and expression host respectively. pCR2.1 (Invitrogen) was used in the cloning of the polymerase chain reaction (PCR) products, and pQE30 (Qiagen, Hilden, Germany) was used for the expression of recombinant His-tagged proteins. Transformed E. coli cells were cultivated in Luria-Bertani broth (LB) medium supplemented with ampicillin (50 mg/ml). Plasmids pQE-CjCBM17, pQECjCBM28, and pQE-CjCBM17/28 were constructed for the expression of recombinant proteins CjCBM17, CjCBM28, and CjCBM17/28 respectively (Fig. 1) .
DNA amplification and cloning. DNA fragments encoding for the respective CBMs obtained from C. josui were amplified by PCR. The primers used contained either an artificial BamHI or HindIII restriction endonuclease sites (underlined) in order to facilitate the cloning of the amplified DNA fragments into pQE30. The following oligonucleotide primers were used to amplify the coding regions for CjCBM17 and CjCBM28 using PCR: CjCBM17F: AAGGATCCATCGAGGGAAGGTGGTCTCTTACAA-ATAAGAA, CjCBM17R: AAAAGCTTTCAGATACAGTTATATTATCAAGTG-AAATAACAT, CjCBM28F: AAGGATCCATCGAGGGAAGGCGTGCTGTGGTAG-AAGCA, and CjCBM28R: AAAAGCTTTCATTCAAACCTGATATTATCCAAGT.
The DNA fragment encoding CjCBM17/28 was amplified using the primer pair CjCBM17F and CjCBM28R, and the amplified PCR y To whom correspondence should be addressed. Tel: +81-59-231-9619; Fax: +81-59-231-9684; E-mail:karita@bio.mie-u.ac.jp products were then cloned into pCR2.1 (Invitrogen). The inserted amplified DNA fragments were sequenced to confirm the absence of mutations, digested with BamHI and HindIII, and finally ligated into pQE30 (Qiagen) that had been digested with the same restriction enzymes.
Protein expression and purification. E. coli JM109 cells harboring pQE-CjCBM28, and pQE-CjCBM17/28 were aerobically cultured at 37 C in 1 liter of LB broth supplemented with ampicillin (50 mg/ml), and the cells were allowed to grow to an optical density of about 0.5 at 600 nm. After the addition of isopropyl-1-thio--D-galactopyranoside (IPTG) to make up a final concentration of 1 mM, the cells were incubated for an additional 3 h. E. coli JM109 cells expressing pQECjCBM17 were cultivated at 37 C in 50 test tubes, each containing 5 ml of liquid medium. The cells were then harvested by centrifugation (4;000 Â g) for 15 min, washed, and disrupted by sonication. The cell-free extract was subjected to His-tag purification on nickelnitrilotriacetic acid (Ni-NTA) agarose (Qiagen) according to the manufacturer's instructions. The purity of the fractions was analyzed by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE). The protein concentrations were determined spectrophotometrically at 280 nm. The molar absorption coefficients calculated from the tryptophan and tyrosine contents were 33,100, 35,800, and 68,900 M À1 Ácm À1 for CjCBM17, CjCBM28, and CjCBM17/28 respectively.
Substrate-binding assays with native electrophoresis and SDS-PAGE. We analyzed the affinity of the above-mentioned CBMs toward various soluble polysaccharides using native affinity PAGE in the absence of SDS. The substrates used were carboxymethylcellulose (CMC: Sigma-Aldrich, St. Louis, MO), methylcellulose (MC: SigmaAldrich), oat-spelt xylan (Fluka, Buchs, Switzerland), birchwood xylan (Fluka), and starch (Kanto Chemical, Tokyo). The separating gel, a 10% polyacrylamide gel, contained 0.1% soluble polysaccharides. Bovine serum albumin (BSA) (Sigma-Aldrich) was used as the nonbinding protein marker. The proteins were visualized after gel running using Coomassie Blue staining (Nacalai Tesque, Kyoto).
CjCBM17, CjCBM28, and CjCBM17/28 (approximately 20-40 mg each) were allowed to bind to the insoluble polysaccharides (0.3 mg) on ice for 30 s in a 100 mM potassium phosphate buffer (KPB, pH 7.0) in a final volume of 0.2 ml. The solution was then centrifuged (6;000 Â g) for 30 s. The precipitate was washed 3 times with KPB, and the precipitate and supernatant were analyzed by SDS-PAGE. The polysaccharides used were ball-milled cellulose (BMC), Avicel (Fluka), oat-spelt xylan, birchwood xylan, and starch. BMC was prepared by ball mill processing of the KC flock (Nippon Paper Chemicals, Tokyo) with distilled water for 72 h.
Determination of affinity parameters of CBM. CBM solutions (280 ml and 480 ml) of appropriate concentrations were added to 20 ml (0.6 mg) of 3% ball-milled cellulose and incubated for 5 min on ice with gentle mixing. The solutions were centrifuged, and the free protein concentration in the supernatant was measured by Lowry's method. 8) The concentration of bound protein was determined from the difference between the total protein concentration and the protein concentration in the supernatant. Adsorption parameters were estimated using the following equation based on the Langmuir adsorption isotherm, where K a (liter/mmol) and [PC] max are the equilibrium adsorption constant and the maximum amount of bound protein respectively:
ITC experiments were carried out using VP-ITC (MicroCal, Northampton, MA). Each CBM was dialyzed against 100 mM potassium phosphate buffer (pH 7.0). The concentrations of the CBM proteins were between 4 and 11 mM, as determined on the basis of UV absorbance. The reaction cell was filled with CjCBM17, CjCBM28, or CjCBM17/28 solution, and the reference cell was filled with distilled water. The cellooligosaccharide solutions used in the injection syringe were cellotriose, cellotetraose, and cellopentaose. A 10ml cellooligosaccharide solution was injected 15 times at 20 C. During titration, the injection syringe stirrer speed was set at 300 rpm. The heat detected was analyzed using the ORIGIN software (MicroCal, Northampton, MA) for VP-ITC.
Results
Construction and production of CjCBM17, CjCBM28, and CjCBM17/28
The lengths of the PCR-amplified DNA sequences encoding for CjCBM17, CjCBM28, and CjCBM17/28 were 711 bp, 579 bp, and 1290 bp respectively. Each CBM was constructed as described in ''Materials and Methods.'' Although CjCBM28 and CjCBM17/28 proteins were expressed in E. coli cells cultured in 1 liter of LB broth, CjCBM17 was not. CjCBM17 was, however, expressed in E. coli cells harboring pQE-CjCBM17 cultured in test tubes containing 5 ml of LB broth. The proteins were fused with His 6 tag and purified on Ni-NTA agarose resins. Each of the purified CBMs was observed as a main band after SDS-PAGE (Fig. 2) , and their molecular sizes coincided with those deduced from the nucleotide sequences. The protein amounts determined on the basis of UV absorbance were as follows: CjCBM17, 0.4 mg; CjCBM28, 1.8 mg; and CjCBM17/ 28, 2.4 mg.
Binding of CBMs to soluble and insoluble polysaccharides
The binding experiments on the purified CBMs to certain soluble polysaccharides were analyzed by native affinity PAGE (Fig. 3) . CjCBM17 and CjCBM28 were not used because their individual electrical charges were not suitable for this experiment. Hence only CjCBM17/ 28 was used. When carboxymethylcellulose, methylcel- lulose, and oat-spelt xylan were used in the electrophoresis gels, the migration of CjCBM17/28 was delayed as compared to that of the control protein. In contrast, when birchwood xylan and soluble starch were used, the migration of CjCBM17/28 was not affected.
We determined the ability of CjCBM17, CjCBM28, and CjCBM17/28 to bind various insoluble polysaccharides by incubating the insoluble polysaccharides and the CBMs on ice. The supernatant fraction (unbound protein) and the precipitate fraction (bound protein) obtained by centrifugation were subjected to SDS-PAGE. The binding ability was determined by comparing the protein concentration in the supernatant fraction with that in the precipitate fraction. As shown in Fig. 4 , all CBMs bound to insoluble cellulose allomorphs such as BMC, Avicel, oat-spelt xylan, and birchwood xylan. Further, CjCBM17 showed no affinity for the insoluble fraction of starch, but CjCBM28 and CjCBM17/28 bound insoluble starch.
ITC of CjCBM17, CjCBM28, and CjCBM17/28 ITC was used to analyze the binding of CjCBM17, CjCBM28, and CjCBM17/28 to cellooligosaccharide ligands at 20 C at pH 7.0. Figure 5 shows the cumulative calorimetric heat of the binding of CjCBM28 to cellopentaose. The equilibrium adsorption constant K a , the enthalpy change ÁH, and the number of ligand molecules bound to the CBM (n) were derived from the results of ITC. The standard Gibbs free energy change ÁG 0 and the standard entropy change ÁS 0 were calculated using the following equations: ÁG 0 ¼ ÀRT ln K a and ÁG 0 ¼ ÁH À TÁS 0 (R, gas constant; T, absolute temperature). 9, 10) The results of the binding experiments are summarized Table 1 . From these results, we confirmed that the CBMs did not bind to cellotriose. CjCBM28 was found to bind at a ratio of only one substrate molecule per molecule of protein, and it strongly bound to cellopentaose. Further, both the ÁH and the ÁS 0 values were negative for CjCBM28. We suggest that the binding of CjCBM28 to cellooligosaccharides is enthalpically driven. In contrast, CjCBM17 strongly bound to cellopentaose, but the binding heat was very low. A positive ÁS 0 value was obtained for CjCBM17, suggesting that the binding reaction is more entropically driven than in the case of CjCBM28. The K a of CjCBM17 and CjCBM28 for cellopentaose was approximately 10 times higher than that for cellotetraose.
The K a , ÁH, and ÁS 0 values for CjCBM17/28 were nearly equal to the average values for CjCBM28 and CjCBM17. CjCBM17/28 bound to cellotetraose, and the binding ratio was two substrate molecules per molecule of protein. This suggests that each of the tandemly arranged CBMs in the CjCBM17/28 molecule bound to cellotetraose. (Table 2 ).
Determination of affinities

Discussion
In this study, the binding properties of two CBMs from different families were investigated. The characterization of family 17 CBM and family 28 CBM from the different bacteria has been reported. 3, 4, 6, [11] [12] [13] [14] Boraston et al. reported that the BspCBM17 protein from BspCBM17/28 derived from Bacillus sp. 1139 could not be obtained as a discrete polypeptide, 13) so they used CcCBM17 derived from Clostridium cellulovorans to compare the binding characteristics with BspCBM28. The expression of CjCBM17 from CjCBM17/28 was also unstable. It was made possible by varying the culture conditions. Hence, we report on the divergence of the binding characteristics between CjCBM17 and CjCBM28 from CjCBM17/28.
Both CBM17 and CBM28 are type-B CBMs that have a long open groove to accommodate single glucan chains. 4) CjCBM17/28 bound to non-crystalline cellulose, soluble cellulose derivatives, and oat-spelt xylan, but not to birchwood xylan or starch, indicating that CjCBM17/28 could bind to arabinoxylan. CBM17 and CBM28 have similar amino acid sequences and conformation, but the amino acid residues involved in binding are not conserved. 7) In CcCBM17 derived from Clostridium cellulovorans, two tryptophan residues, Trp 88 and Trp 135, are the main binding amino acids involved in protein binding, 12) while BspCBM28 derived from Bacillus sp.1139 contains three tryptophan residues, Trp 68, Trp 77, and Trp 119. 4) CjCBM17 contains Trp 88 and Trp 135, and CjCBM28, Trp68 and Trp119. Trp 77 of BspCBM28 protrudes into the binding site. 4) The alignment of these CBM28 proteins indicates that Trp 77 was not conserved in CjCBM28. Therefore, the binding groove differs slightly between BspCBM28 and CjCBM28. The amino acid residues involved in binding are similar between CjCBM17and CcCBM17.
The adsorption constant and thermal parameters obtained by ITC for the three CBMs were compared.
The results of ITC analysis demonstrated that the CBMs did not bind to cellotriose, indicating that the binding sites of these CBMs are larger than the length of the cellotriose molecule. Boraston et al. reported that cellotriose is the smallest ligand for CcCBM17, 11) and that BspCBM28 does not bind to cellotriose. The adsorption constant and Gibbs free energy change for cello-oligosaccharides did not greatly differ between CjCBM17 and CjCBM28, while the thermal parameters of the binding did differ ( Table 1 ). The binding of CjCBM17 to cellotetraose and cellopentaose was entropically driven, while that of CjCBM28 was enthalpically driven. The binding of CcCBM17 to cellooligosaccharides longer than cellotetraose is associated with entropy changes.
12) CjCBM17 conserves two tryptophan residues conserved in the amino acids sequence forming the binding site, and six polar residues form the hydrogen-bonding network.
12) Although CcCBM17 and CjCBM17 show similar binding sites and binding mechanisms, the negative ÁH of CcCBM17 is 3 times larger than CjCBM17, and they still differ in terms of cellotriose binding. 12) CjCBM17 binding might be associated with a large entropy effect, reflecting the participation of water. 12) In contrast, no difference was observed in the adsorption constant or the Gibbs free energy change between the individual CBMs and CjCBM17/28. That is, the ÁH and ÁS values for CjCBM17/28 were half of the sums of the values of CjCBM17 and CjCBM28. CjCBM17/28 bound to one cellopentaose molecule per CBM molecule, and to two cellotetraose molecules per molecule of CBM. Although several studies regarding CBM17/28 were reported by Boraston et al., there is still no paper which argues concerning the number of cello-oligosaccharide molecules bound to CBM17/28. Hence, we propose that CjCBM17/28 can bind to cellopentaose with either CjCBM17 or CjCBM28, because 5 glucose units is too short to straddle both CBMs, while CjCBM17 and CjCBM28 independently bind to cellotetraose. CjCBM17/28 bound to two molecules of cellotetraose through both its constituent CBMs, but bound to cellopentaose through only one of the two CBMs. These results indicate that these CBMs not only exist in tandem, but also interfere with each other's binding activity. Since CjCBM17/28 did not bind to a short oligosaccharide across CjCBM17 and CjCBM28, insoluble BMC was used for binding in order to determine the binding affinities. CcCBM17 and BspCBM28 both recognize two classes of binding sites on regenerated cellulose and microcrystalline cellulose. 13) In this study, the one-site model corresponded to the binding data of CBM. The K a of CjCBM17/28 was approximately 3-7 times higher than that of an individual CBM, but the [PC] max decreased ( Table 2 ). These data suggest that CBM17/28 is higher-binding by two tandem CBMs, but the [PC] max decreases, because CBM17/28 requires larger amorphous spaces for binding than an individual CBM. It is therefore possible that the CBMs of CjCBM17/28 preferentially bind to the binding sites at the same time. It has been reported that the affinity of BspCBM17/28 is 20-fold higher than that of the individual modules, 13) which might be the result of simultaneous interaction between the covalently linked modules and the binding sites in cellulose. 13) From the ITC data and the Langumuir adsorption isothermplots, it is evident that each CBM has an individual binding ability, and that they do not act as and are not entirely independent entities. Boraston et al. reported that identical non-crystalline cellulose molecules possess different sites for CBM recognition. 3, 15) Therefore, even when sites for simultaneous binding are not present, a binding site for CjCBM17 or CjCBM28 might be detected.
